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ia Abdraet 

The relationships between crop canopy variables such as leaf area index which 
might be used in large scale applications of growth and yield models of irtieat and 
other crops and their multlspectral reflectance properties are not well defined. The 
objective of this investigation was to identify these relationships and assess the 
potential for estimating canopy variables from remotely sensed reflectance measure- 
ments. Reflect 2 mce spectra over the 0.4-2. 5 ym wavelength range were acquired during 
each of the major development stages of spring wheat canopies at Wllllston, North 
Dakota, during three seasons. Treatments Included planting date, N fertilization, 
cultlvar, and soil moisture. Agronomic measurements Included development stage, bio- 
mass, LAI, and percent soil cover. 

High correlations were found between reflectan'^e and percent cover, LAI, and bio- 
mass. A near Infrared wavelength band, 0.76-0.90 ym, was most Important in explalnln 
variation in LAI and percent cover, while a middle Infrared band, 2.08-2.35 ym, ex- 
plained the most variation in biomass pnd plant water content. Transformations, in- 
cluding the near Infrared/red reflectance ratio and greenness index, were also highly 
correlated to canopy variables. The relationship of canopy variables to reflectance 
decreased as the crop began to ripen. The canopy variables could be accurately pre- 
dicted using measurements from three to five wavelength bands. The wavelength bands 
proposed for the thematic mapper sensor were more strongly related to the canopy 
variables than the Landsat MSS bands . I 
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INTRODUCTION 


Crop Identification and area astlaatlon proalsas to ba a aajor 
ap;»lleatlon of satellite reaote sensing and the Large Area Crop 
Inventory Experlsent (LACIE) advanced the technology to near operational 
use for lAeat (MacDonald and Hall* I960). Renote sensing also offers 
potential for obtaining accurate and tlnely Infomatlon about the 
condition and yield of crops (Bauer* 1975). An Important goal of 
agricultural remote sensing research Is to spectrally estimate crop 
variables related to crop conditions which can subsequmtly be entered 
Into crop growth and yield models. The synoptic* multldate vletfs of 
cropland by the Landsat multlspectral scanner (MSS) at a spatial 
resolution of 80 m (30 n for Landsat-4 thematic mapper launched In 1982) 
provide the opportunity for the first time to acquire the spectral- 
agronomic data required to Implement development stage* 
evapotransplration, and yield models over large geographic areas 
(Hlegand et al.* 1979). 

To achieve the full potential of remote sensing for crop assessment 
it Is Important to determine the relation of agronomic characteristics 
of crops to their multlspectral reflectance properties. For Instance* 
it is essential to know vdilch regions of the spectrum contain mwiriiiiuiii 
information related to variations In crop variables. This Information 
Is necesacry for the optimum use of current Landsat MSS technology* as 
well as for the design and development of future remote sensing systems. 

Many of the physiological and morphological factors affecting the 
reflectance properties of plant leaves have been Investigated through 
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laboratory Boasuroaonts (Gataa at al. , 1970t Braaoa and Rolaaa, 1971) 
and Slaolalr at al. , 1971). Rnowladga of tha raflaotanoa 
oharaotariatlos of aingla laavas is baslo to undarstandlng tha 
raflaotanoa propartlaa of orop oanoplas* but oannot ba appllad diraotly. 
Dua to aaay aora intaraotlng variablas tha raflaotanoa oharaotariatlos 
of canoplas ara oonsldarably mora oooplax than thosa of slngla laavas. 
Sons of tha nora important paramatars datarmlnlng the raflaotanoa of 
orop oanoplas ara: laaf araa Indax (LAI), leaf angle distribution, 
optloal charaotarlstics of tha laavas and soil, and soil cover 
parcmtage (Bunnlok, 197S). Dlffaranoas in these parameters are caused 
by variations in many cultural and environmental factors, including 
planting date, cultivar, seeding rata, fertilization, and soil moisture 
(Daughtry et al. , 1980). 

The objective of this research was to determine the relationships 
of LAI, percet;t soil cover, biomass and plant water content to the 
multispectral reflectance characteristics of spring wheat canopies. 


EXPERIMENTAL APPROACH 
Experiment Description 

Data were collected at the North Dakota State Agricultural 
Experiment Station at Hllliston (43.32° N, 103.42° H) during the 1975, 
1976 and 1977 growing seasons. The station, in the gently rolling 
uplands above the Missouri River Valley, is representative of dryland 
farms of the region. Because of limited precipitation (36 cm per year), 
the majority of the land is planted to crops every other year and is 
left fallow in intermediate years to accumulate subsoil moisture. 
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Th« aprlng whwt ( Trltlom aaatlvua L.) axparlaant waa a apliv plot 
daalfn. Within aaeh avallabla aoll aoiaturo condition (Mhola plot), 
thara vara two bloeks (raplloatlona) of a faotorlal axparlaant vlth 
eultlvar, N fartlllsatlon, and planting data traatnantat 

Soil Moisturat (1) low (whaat during pravloua yaar) 

(2) high (fallow during pravloua yaar) 

Cultlvart (1) Wildron (standard) 

(2) Olaf (aaal -dwarf) 

N Fartlllzationt (i) nona 

(2) 4b kg/ha 

Planting Date* (1) early (20 May 1975, 6 May 1976, 9 May 1977) 

(2) late (30 May 1975, 17 May 1976 , 23 May 19H). 

The factors and levels were selected to renresent regional agricultural 
practices that affect the growth, development, and yield of spring 
wheat. The treatments resulted in a relatively wide range of types of 
wheat canopies, differing in maturity, biomass, and percent soil cover 
at any one time and over the season. 

The plots were 3.5 m wide and 15.3 m long with 18 cm wide, north- 
south rows. The soil %ras a Williams loam (flne-loany, mixed Typlc 

Argiboroll) which has a dartc brown (10 TR 3/2) surface color when moist 
and very light ( 10 YR 4/3) color when dry. Although moisture In the top 
20 cm was similar at planting for a’’! plots, the profile of previously 
fallowed soil contained approximately 20| (3 cm) more water in the 20 to 
60 cm zone than the profile of soil on which wheat was grown In the 
previous yaar. 


Agrenoalo Data 

On Moh dnt* refleotano* data war* eollaotad, tha following 
agronoaio varlablas wara aaaauradt devalopaant ataga» plant halght, 
paroant soil eovar» LAI» paroant graan laavas» trash and dry blomsst 
and plant watar eontant Cdlffaranoa batwaan fra^ and dry bloaras). 
Vartlcal and obllqua photographs wars also takm of aaeh plot on aaoh 
naasuranant data. Davalopnant staga was raeordad using a soala slallar 
to that publlshad by Larga (1954). Paroant soil covar was astlmtad 
from tha vartlcal photographs. Biomass and LAI wara datarmlnad by 
harvasting all plants In 1.0 m langth of row and saparatlng tha plants 
into loa/* bladas (graan, yallow, and brown), stams (Including leaf 
Shaaths), and haads. Each coiiQ>onent was drlad at 60*’C and waighad. Tha 
araa of a random subsampla of green leaf blades was measured with an 
optlCttily scanning leaf area meter (except in 1975 when leaf length and 
width were manually measured) and the ratio of leaf area to leaf dry 
weight was determined. LAI was calculated by multiplying this ratio 
times the dry weight of all green leaves In the sample and dividing by 
0.18 m^. 


Meteorological Data 

Dally meteorological data useful for describing the growing season 
were acquired at a National Heather Service cooperative station located 
on the experiment station. On each day that spectral data were 
collected, additional meteorological measurements including air 
tenqperature, barometric pressure, relative humidity, wind speed and 
direction, and total Irradlance were recorded continuously on strip 
charts to document atmospheric conditions during data acquisition. 
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Sp»otr>l Dtf 

Spaotnil r«fleotano« MssurtMnta of tho oanopios ovor the 
wavelength range of 0.4-2. 4 ya were aade ualng an Exoteoh aodel 20C 
speotroradlooMter (Leaner et al. « 1973) nounted on the boon of a noblle 
aerial tower. Heasurenenta were aade at two looatlona over each plot, 
looking atralght down froa a 6.1 a altitude. With a 15^ field of view 
the senaor viewed an area 1.6 a In dlaaeter. All spectral aeaaurMMnta 
were aade on cloudless or near cloudless days when the solar elevation 
was at least 45^. Duplicate observations were acquired over eaoh plot 
and averaged for analysis. 

The spectral aeasureaents were expressed as reflectance factor 
which corrects for Irradlance differences, facilitating coaparlsons 
within and between dates. A reflectance factor Is defined as the ratio 
of Incident radiant flux reflected by a sample surface (e.g. soil or 
crop canopy) to that reflected Into the saae bean geoaetry by a 
perfectly diffuse (Lambertian) standard reference surface Identically 
Irradiated and viewed (Nlcodemus et al., 1977). A painted barium 
uulphate panel (1.2 x 1.2 m). with stable, known reflectance properties, 
was used as the reference surface. Robinson and Blehl (1979) have 
described the spectral measurements and calibration procedures. 


6 


Data Analysis Proo»dur»a 

Correlation and ragrasslon analyaaa ware uaad to ralata the oanopy 
variablaa to spaotral rasponsa» with the primary analyaaa being for data 
oollaetad between the aeedllng ami allk atagea of plant dewelopaent 
Since the appUeatlon of remotely aenaed apeotral meaauremanta will be 
with Biltlapeetral acanner ayatema (MSS) ehloh meaaure the apeotral 
reaponae In aelected wavelength banda» the data were averaged Into the 
bandwldtha of the Landaat MSS and thematic mapper (TM) aenaora. The TM 
la a aecond generation multlapectral acanner on planned for the 
Landaat-4 aatelllte launched In July 1982. The MSS banda aret 0.5-0. 6 
(green), 0.6-0. 7 (red), and O.T-O.o and 0.8-1. 1 pm (near Infrared). The 
TM banda which are narrower and aaaple more parta of the apectrum are: 
0.M5-0.52 (blue), 0.52-0.60 (green), 0.63-0.69 (red), 0.76-0.90 (near 
Infrared), 1.55-1.75 (middle infrared), and 2.08-2.35 pm (middle 
Infrared). The TM alao haa a thermal inft>ared band, but thermal 
meaaurements were not acquired for thla experiment. 

In addition to the Individual wavelength banda, aeveral vegetation 
lndic«^s were evaluated. Greenneaa, a tranaformatlon of the Landaat MSS 
banda (Kauth and Thomas, 1976), was computed using coefficients derived 
for reflectance faccor data (Rice et al. , 1980). Greenness s 

(-0.»«8935)(R,) ♦ (-0.61249)(R2) + (0.17289)(R3) ♦ (0. 59538 )( R^) , 

where R^ to Rj| are the reflectance factors of the four Landsat MSS 
spectral bands. The ratio of near infrared to red reflectance and the 
IR-red transformation were computed using the 0.76-0.90 and 0.63-0.69 pm 
bands. The normalized difference (NO) was calculated as follows: NO = 

(IR - red)/(IR * red), where red and IR are the reflectances in the 
0.63-0.69 and 0.76-0.90 pm bands, respectively. 


T 

Th« Statistical Package for the Social Sciences (SPSS) was the 
prlaary source of statistical prograas used In these analyses (Nle et 
al., 1975). Other statistical analyses were perfomed by a FORTRAN 
program written to calculate R^ and C values (Mallows, 1973) for all 
possible regressions (Daniel and Hood, 1971) that can be formed from 
subsets of the Independent variable (e.g. wavelength bands) entered. 
The output of this program listed subsets of Independent variables for 
each subset slae In order of the amount of variation explained In the 
depmdent variable. The best subset was selected to be the smallest 
number and set of variables which explained most of the variability In 
the dependent variable and which was not significantly biased In the 
regression. The regression equations were developed using one-half the 
1976 data; the remainder of the data were used in Independent tests. 


RESULTS AND DISCUSSION 

Effects of Growth, Development and Cultural Practices 
on Reflectance Specl^ra 

The amount of green vegetation Is one of the principal factors 
Influencing the reflectanci of crop canopies. Fig. 1 Illustrates the 
effect of amount of vegetation as measured by LAI, biomass and percent 
soil cover on the spectral response during the period between tillering 
and the beginning of heading when the mexlnum green leaf area was 
reached. As leaf area and biomass Increase there is a progressive and 
characteristic decrease In the reflectance of the cholorophyll 
absorption region. Increase In the near Infrared reflectance, a.id 
decrease In the middle Infrared reflectance. 
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Leaf Area Soil Dry 



Wavelength (pm) 


Fig. 1. Effect of leaf area Index, percent soil cover, and dry biomass 
on the spectral reflectance of spring idieat during the period 
between tillering and beginning of heading when naxlaua green leaf 
area was reached. 
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Fig. 2. Sp«otral r«fl«ctanc« of spring whest canoplss st ssvsrsl 
dsvelopBsnt stages* 
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Fig. 3* Influence of cultural practices on reflectance spectra of 
spring wheat canopies. Spectra were measured on 18 June 1976 during 
stem extension stage of deyelopaent« except for the spectra of 
oultlvars that were measured on 16 July after heading. 
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Crop dovtlopBMit (as opposad to growth or inoraasa in aisa) also 
causas may ohangas in o'vnopy gaMMtry* aoistura oontantt and laaf 
pignmtation tdiioh ara nanifastad in tba raflaotanoe obaraetaristics of 
oaaopias. Pig. 2 shows tba raflaotanoa spaotra of a rapresantative plot 
of spring whaat at savaral kay davalopaant stagas. 

Typical affects of the cultural practices on reflectance spectra 
ara illustrated in Pig. 3. Pallow soil (increased mistura)» early 
planting and nltrt^en fertilisation caused increases in LAI» biomss and 
soil cover which were mnlfested in the spectra. The two cultivars had 
very sinllar spectral responses until after heading. 


Relation of Canopy and Spectral Variables 
The relatlmshlps of several canopy variables with spectral 
reflectance in selected wavelength bands are Illustrated In Pig. h. The 
linear correlations of five canopy variables with reflectances in the 
MSS snd TM bands and transformtlons of the reflectance data are 
sumarlsed in Table 1. Alth<xigh some of the relationships appear 
curvilinear, inclusion of quadratic terns were generally not 
significant. The correlation analyses and graphs include data from all 
treataents, collected fron the seedling through flowering stages of 
developnent when green leaves were present. As also found by Aase and 
Siddoway (1981) and Leamr et al. (1978), there was a substantial 
decrease in the correlation values when later developnent stages having 
large amounts of non -green vegetation were Included. 

Pcrcmt >uil cover (Pig. Aa) consistently had the highest 
correlation with each spectral variable (Table 1). In this data, tdiere 
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Pu c wit Soi Covtr 



Frath BiomaM(g/m^) 


Fig. 4. Relationships of percent soil cover, leaf area index, and fresh 
biomass to reflectances of spring tdieat canopies. Measui^ments for 
seedling through flowering stages of maturity are Included for 16 
treatments representing different levels of soil moisture 
availability, planting dates, nitrogen fertilization rates, and 
cultlvars. 
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Tabl« 1 . Linear eorrelatlona of refleotaaoes In the Landsat MSS and TM 
wavelength bands and transforaatlons with agronoalo oharaoterlstles 
of spring wheat canopies (1976). 


Spectral 

Variable 

Percent 

Soil 

Cover 

Leaf 

Area 

Index 

Fresh 

Biomass 

Dry 

Biomass 

Plant 

Water 

Content 

Landsat MSS 

0.5-0 .6 

-0.82 

-0.79 

-0.81 

-0.76 

-0.81 

0. 6-0.7 

-0.90 

-0.85 

-0.81 

-0.74 

-0.82 

0.7-0. 8 

0.8H 

0.84 

0.57 

0.46 

0.60 

0. 8-1.1 

0.91 

0.90 

0.77 

0.68 

0.79 

Thenatlc Mapper 

0.1*5-0.52 

-0.82 

-0.79 

-0.75 

-0.69 

-0.76 

0.52-0.60 

-0.82 

-0.78 

-0.81 

-0.77 

-0.82 

0.63-0.69 

-0.91 

-0.86 

-0.80 

-0.73 

-0.81 

0.76-0.90 

0.93 

0.92 

0.76 

0.67 

0.79 

1.55-1.75 

-0.85 

-0.80 

-0.83 

-0.79 

-0.84 

2.08-2.35 

-0.91 

-0.85 

-0.86 

-0.81 

•0 e86 

Transformations 

IR/Red* 

.89 

.90 

.76 

.67 

.78 

IR - Red 

.95 

.93 

.81 

.72 

.83 

Normalized Difference 

.95 

.90 

.82 

.74 

.83 

Greenness 

.90 

.89 

.68 

.58 

.70 


• Red = 0.63-0.69 ym, IR - 0.76-0.90 ym 
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th« NulBUB soil oovsr was 70f, tha ralatlon^lp of soil oovar to naar 
Infrarad raflaotanoa and savaral of tha traasferaationa (a.g. IR/rad 
ratio* ND* and graannass) was linaar. 

Tha 0.76-0.90 va wavalangth band (Fig. 4b) and savaral of tha 
transformations (Tab la 1) wara also strongly relatad to graan LAI. Tha 
near infrared reflectance was sensitive to increases in green LAI up to 
an LAI of 3 throughout the spring wheat growing season (Fig. 6). The 
0.63-0.69 Um and 0.45-0.52 Vm wavelength bands (not shown) were only 
sensitive to Increases up to an LAI of 2* and the 0.52-0.60* 1.55-1 <75 
and 2.08-2.35 Pn wavelength bands (also not shown) were sensitive to 
changes in LAI only through the range of 0-1. Lower sensitivity of tha 
chlorophyll and water absorption regions to leaf area and biomass 
compared to the near infrared region has also bean reported by Tucker 
(1977). 

Biomass was more strongly related to reflectances of spectral bands 
in the green* red, and middle infrared regions of the spectrum than 
reflectance in the near Infrared (Table 1). However* the reflectance in 
each of these bands was sensitive to changes in fresh and dry biomass 
only through the first 600 and 200 g/m^* respectively* after which 
reflectance was unrelated to further increases in biomass (Fig. 4c). 

From these relationships, along with the relationships of near 
infrared reflectance to percent soil cover and LAI* we conclude that the 
spectral measurements appear not to be related to the amount of total 
biomass present, but rather to the amount of green vegetation* 
particularly leaves. In the first part of the growing season* fresh and 
dry biomass were highly correlated with reflectance because the amount 
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of croon loof oroo inorooood proportionally to tbo tnoroaso in bioaaaa* 
Ho%iovor» aftor tho planta roaohod thoir aaxlmiB loaf aroa (flotiorlng 
stago)» tho aaount of groan vogotation dooroasod %Aiilo total dry bioBaas 
increasod. 

Plant wator contont uas aost atroigly rolated to niddlo Infrarod 
rofleetanco. Plant water contentf which waa highly eorrolatod with 
froah bioaaaa (r s 0.98 )« had allghtly higher oorrolatlcna with 
rofleetanco than froah bioaaaa (Table 1). Percent water content waa not 
highly correlated with any apeetral variable. 

The eorrelatlona of canopy varlablea with refleotanea In the MSS 
bands were usually less than for the corresponding TM bamls. The higher 
correlations for the TM bands Is attributed to the more optlaua width 
and location of the bands with respect to the spectral characteristics 
of vegetation. For exaiig>le. Inclusion In the 0.7-0 .8 pm band of the 
wavelengths In the transition from the chlorophyll absorption region of 
the spectrum to the highly reflecting near Infrared region weakens the 
relationship to canopy variables compared to that found with 0. 8-1.1 
and the 0.76-0.90 pm bands. Similar effects have been reported by 
Tucker and Maxwell (1976). 

Several Investigators have examined the use of ratios, particularly 
the Infrared/red ratio, and other transformations of two or more 
spectral bands to enhance the relationship between spectral and 
agronomic properties of vegetative canopies. Compared to single 
wavelength bands, these Investigators have generally found stronger 
relationships using Infrared/red ratios, radiance differences, various 
vegetation Indices, and the greenness transformation (Jackson et al.. 
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1983t Tuoktr, 1979)* Th» traasforattions also hava taa affaet of 
noraallalng MaauraMnts aoqulrad undar varying oMdltlons. Howavarf 
ainea our data «ara aoqulrad ovar ona aoil on olaar days at ralatlvaly 
uniforn (high) sun anglas that advantage of the transfom was probably 
■Inlaal and oorralatlons of the oanopy variables with the transforms 
ware not significantly larger than the highest individual bands. The 
various transforms ware all found to be highly oorralatad with each 
other and it was difficult to datarmlna that any apaoifio ona is 
superior. 


Prediction of Canopy Variables 

Estimation of canopy variables from nultispaotral data for use in 
crop growth and yield models is an important potential application of 
multispactral remote sensing (Wiegand at al. » 1979). Understanding the 
relation of agronomic properties of crop canopies to reflectance in 
various regions of the spactrumt as discussed above, leads to the 
development of models for estimating canopy variables from reflectance 
measurements In several tiavelength bands. Table 2 shows results using 
selections of the best one to six wavelength bands for predicting 
several canopy variables. The ability to predict each canopy variable 
gmerally Increased as additional bands were added. By computing all 
possible regressions, the best subset of spectral bands of each size was 
selected considering the amount of variability explained and the bias of 
the resulting regression equation. 

The near and middle infrared bands were found to be most Important 
In explaining the variation in canopy variables. For LAI and percent 
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Tablt 2. 8«l«otioa of ooi^lnatloos of tht boat 1, 2» • * *6 wavolongth 

bands for ssttaatlng poresat soil oovar, loaf araa lndax» and frash 
bloaass during fcha sasdllng throui^ floiwrlag stagas of davalopasnt. 


Canopy 

Variable 

No. 

BaiKls 

Entered 


V 


Banda Entered (im) 


0.45- 

0.52 

0.52- 

0.60 

0.63- 

0.69 

0.76- 

0.90 

1.55- 

1.75 

2.08- 

2.35 

PercMt 

1 

.85 

132 




X 



Soil 

2 

.92 

16 




X 


X 

Cover 

3 

.92 

15 

X 



X 


X 


4 

.93 

4 

X 

X 


X 


X 


5 

.93 

5 

X 

X 

X 

X 


X 


6 

.93 

7 

X 

X 

X 

X 

X 

X 

Leaf 

1 

.84 

37 




X 



Area 

2 

.87 

7 




X 

X 


Index 

3 

.88 

2 




X 

X 

X 


4 

.88 

4 

X 



X 

X 

X 


5 

.88 

5 

X 

X 


X 

X 

X 


6 

.88 

7 

X 

X 

X 

X 

X 

X 

Fresh 

1 

.73 

239 






X 

Bloaass 

2 

.76 

211 


X 




X 


3 

.83 

109 


X 

X 



X 


4 

.88 

41 


X 

X 

X 


X 


5 

.90 

12 

X 

X 

X 

X 


X 


6 

.93 

7 

X 

X 

X 

X 

X 

X 


a 


The regression equation Is unbiased when the 'C ' value is equal 
to or less than the number of terms In the equation. 
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soil oovart th* 0.76-0.90 ua band aaoountad for aora of tho 
variation than any othar slngla band. Tha 2.08-2.35 va wavalangth band 
was ona of the two aost laportant la axplalnlng tha variation In paroant 
soil cover and ona of tha three aost laportant bands axplalnlng tha 
varlatlmi in LAI. 

Of tha three bast bands for predicting a variable, each ona was 
alaost always froa a different region of tha sp»?trua, Illustrating tha 
Importance of collecting spectral Inforaatlon In several different 
regions of the spectrua. Similar results were reported by MacDonald et 
al. (1972) tdio found that the four most important wavelength bands for 
discriminating levels of southern com leaf blight severity were, one 
each, from the visible, near Infrared, middle infrared and dermal 
Infrared regions of the spectrum. 

In Table 2 the difference between the number of bamds entered that 
produce a near maximum the number of bands entered where the 
resulting prediction equation is unbiased can also be examined. An 
unbiased equation (based on the data entered) results wtwi the value 
is equal to or less than the number of terms In the resulting regression 
equation (Mallows, 1973). For LAI and percent soil cover, the near 
maximum value was reached after the entry of three of the six 
possible TM bands. However, the Cp values Indicate that three bands 
would need to be used to produce an unbiased prediction of LAI and four 
bands would be necessary for percent soil cover. Percent soil cover and 
LAI are potentially much easier to estimate than the other variables 
because they have a higher correlation with reflectance In the single 
wavelength bands and their prediction equations became unbiased before 
all of the possible terms (bands) were entered. 
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The agreeaent between the aeesured and predloted values for LAI and 
percent soil cover for the 1976 data Is shown In Pig* 5* The deviation 
froB the 1f1 line Is relatively saall considering all the potential 
sources of variation; these Inoludet (1) nessureaent errors In the 
agronoBlc variables* (2) plant developaent stage has an effect on 
reflectance (for exaaple* a canopy with an LAI of 1.0 early in the 
season has a different spectral response than a canopy with an LAI of 
1.0 later In the season)* (3) variation caused by the different 
agronomic treatasnts* and (4) varying solar zenith and azimuth angles at 
the time of day data were collected has some effect due to shadowing 
within the canopy on canopy reflectance (Jackson et al.* 1979). Despite 
the variation Induced by each of these factors* measurements In a small 
number of wavelength bands In Important regions of the spectrum did 
explain such of the variation In and result In satisfactory predictions 
of canopy variables. 

The only true test for a prediction equation Is whether it can 
accurately predict the same variable measured In an Independent data 
set. Prediction equations that used the reflectances In three to five 
bands (see Table 2) to explain the variation in 1976 were applied to 
similar data collected In 1975 and 1977. The relatively high agreement 
found between the measured and predicted canopy variables (Table 3) 
Indicates the potential for developing prediction equations that can be 
applied to data collection any year. 

Table 4 shows the maximum value obtainable using the KSS bands* 
the best four of the six possible TM bands* and then all six TM bands to 
predict each canopy variable. In every case the best four of six TM 
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5. Comparison of measured and predicted percent soli cover and 
leaf area Index of spring wheat canopies (1976 data). 




Tabl« 3* Coaparlsona (R^) of Mosurod ond prodlotod euiopy varlablos 
for 1975( 1976 ond 1977 MomiroMato using prodletlon oqustlon 

dovolopod fron 1976 dots soquirod in tho thonstle nsppop bands. 




Year 


Canopy Variable 

1975 

1976 

1977 

Percent soil cover 

.70 

.93 

.86 

Leaf area Index 


.88 

.7R 

Fresh biomass 

- 

.88 

.81 

Dry biomass 

• 

.89 

.73 

Plant water content 

• 

.88 

.84 


Tabla 4. Tha valuta for prtdlotlons of ptroant soil oovtr, leaf area 
Index, fresh and dry biomass, and plant water content with four 
Landsat bands, the best four thematic mapper bands, and the six 
thematic mapper bands (1976 data). 


Wavelength 

Bands 

Percent 

Soil 

Cover 

Leaf 

Area 

Index 

Fresh 

Biomass 

Dry 

Biomass 

Plant 

Water 

Content 

MSS Bands 

0.91 

0.86 

0.86 

0.84 

0.85 

Best Four TM Bands* 

0.93 

0.88 

0.88 

0.84 

0.88 

Six TM Bands 

0.93 

0.88 

0.91 

0.88 

0.90 


* See Table 2 
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buds Mplalntd aor« of tho vorlatloa in n oanopy varlnblo than the four 
MSS bends. Addition of the other two TM bends usuelly resulted in only 

P 

snsll inoreeses in the R velues. This Indloetes thet four optloelly 
seleoted wsvelength bend^ hsve potentlel to e*.plein «ost of the 
verletlon in oeny crop oenopy verlebles. However, it should be 
esq^heslzed thet the best wevelmgth bends for explelning the verietion 
in eeeh oenopy verieble ere not elweys the seM, neoessiteting bends in 
ell importent regions of the speotrun to select from. 

SUmART AND CONCLOSIONS 

Strong reletionships between spectral response end percent soil 
cover, LAI, biomess end plent water content were found. Beceuse the 
reletionships ere edversely Influenced by crop senescence, the best tlsM 
period for sssessing these cenopy verlebles is fron the tillering to 
heeding steges of development. Prior to tillering, the spectral 
response is strongly donlneted by the soil beckground. As the crop 
begins to ripen efter heeding, the spectral sensitivity to neesures such 
es LAI, biomess, end plent we ter content decreese. 

The correlstlons of the TM spectrel bends with crop csnopy 
verlebles were greeter then for the corresponding MSS bends. The 
difference is sttributed to the nerrower end uore optlael plecement of 
the themstic nepper bends in relstion to the spectrel chereoteristlcs of 
vegetetion. Prediction eq.etlons developed to explein the verletlon in 
crop cenopy verlebles shmfed thet the neer infrared bend (0.76-0.90 un) 
expleined the most verletlon in LAI end percent soil cover end thet the 
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2.08-2.35 UB wavtlmgth band was tha alngla aoat laportant band In 
axplalnlng tha variation In frasb bloaasa» dry bloaasa, and plant watar 
oontant. Tha raaults daaonstrata tha laportanoa of apaotral 
■aasurananta In tha alddla Infrarad wavalangth raglon, as wall as tha 
vlslbla and naar Infrarad, for amiltorlng crop condition. 

Tha strong ralatlonshlp batwaan spaotral raflaotanca and savaral 
crop canopy varlablas daaonstratas tha potantlal of oultlspaotral raaota 
sanslng to nonltor crop growth and condition. Future rasaarch naads to 
Invest Igate tha sensitivity of tha relationships to different agronoalc 
traatBSnts and detaralna whether laportant cultural practices are 
spectrally separable. Tha relatively slapla regression aquations 
devslopad In this study need to be omvertad to more physically based 
Bodels of tha relationships battraan spectral and agronoalc varlablas. 
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